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BROADBAND PULSE-RESHAPING OPTICAL 
FIBER 

RELATED APPLICATIONS 

This application claims the bene?t of US. Provisional 
Application No. 60/110,412, ?led Nov. 30, 1998, pending. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates generally to pulse-reshaping 
optical ?bers and transmission systems utilizing such ?bers, 
and particularly to a pulse-compressing optical ?ber. 

2. Technical Background 
There exists a need for a cost-effective Way to increase the 

information-carrying capacity of optical transmission sys 
tems. The term “optical transmission system” refers to any 
system that uses optical signals to convey information across 
an optical Waveguiding medium such as a single-mode 
optical ?ber. Such optical systems include, but are not 
limited to, telecommunications systems, cable television 
systems, and local area netWorks (LANs). Wavelength 
division-multiplexing (WDM) has been employed to 
increase the capacity of optical transmission systems. A 
WDM system employs a plurality of optical signal channels, 
With each channel being assigned a particular channel Wave 
length. In a WDM system, signal channels are generated, 
multiplexed, and transmitted over the optical transmission 
?ber. At the receiving end, the optical signal is demulti 
plexed such that each channel Wavelength can be individu 
ally routed to a designated receiver. 

Time-division-multiplexing (TDM) has also been 
employed to increase the capacity of optical transmission 
systems by decreasing the Width of the temporal WindoW 
used to represent a binary bit of data. The upper capacity 
limit of TDM occurs When the transmitter electronics is 
incapable of generating pulses narroW enough to satisfy a 
predetermined pulse rate. For example, the given system 
might not be able to transmit pulses at a single Wavelength 
channel data rate of more than 40 Gb/s. In order overcome 
this limitation and increase the data rate for a return-to-Zero 
(RZ) modulation format, the output pulse train from the light 
source can be sent through a pulse compressor before being 
injected into the optical transmission line. The pulse com 
pressor narroWs the pulse Width, permitting more pulses to 
be transmitted Within a given time period. Conversely, on 
the receiver end of the transmission line, a pulse-shaping 
device expands the pulses to their original shape. 

During transmission, pulses can disperse or Widen as the 
signal travels along the ?ber, resulting in pulses Which 
eventually overlap if they are not initially spaced apart 
sufficiently. This dispersion similarly limits the data rate 
capacity of the ?ber, and the ability to utiliZe time-division 
multiplexing. Different approaches have been used to over 
come dispersion, including dispersion-decreasing ?bers and 
soliton pulses Which maintain their characteristic shape 
When transmitted over long distances. Pulse compression 
can occur intrinsically in an axially-nonuniform optical ?ber 
(a ?ber Whose dispersion decreases monotonically from one 
end to the other), With dispersion decreasing approximately 
exponentially With distance to attain soliton propagation. 

This type of pulse-reshaping relies on a slight imbalance 
betWeen the competing self-phase modulation (SPM) and 
dispersion effects in the ?ber. For pulse compression, the 
?ber is designed to have a small residual amount of uncom 
pensated SPM, causing a pulse frequency chirp that 
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2 
decreases the energy in the tails of the pulse via dispersion. 
For pulse expansion, the ?ber is designed to have a small 
residual amount of uncompensated dispersion, causing a 
frequency chirp of the opposite sign that increases the 
energy in the tails of the pulse via SPM. Propagation in the 
opposite direction changes a pulse-compressing ?ber to a 
pulse-expanding ?ber. It has been shoWn numerically that if 
the reshaping is alloWed to occur adiabatically (sloWly) on 
the scale of the “dispersive length,” then all the energy of the 
original pulse is transferred to the reshaped pulse and no 
dispersive Waves are generated. The adiabatic condition 
means that the product of the rate of change of the pulse 
Width times the dispersive length must be much less than 
unity. In practice, the ?ber length L should be such that 

2 LD<L<1O LD (1) 

Where LD is the “dispersive length.” The dispersive length is 
given by 

Where To is the 1/e characteristic pulse Width of the optical 
?eld, and the group velocity dispersion [32 in ps2/nm is given 
by the equation 

[af-?n/zm (3) 

Where )L is the Wavelength, D is dispersion in units of 
ps/nm-km, and c is the speed of light. For a hyperbolically 
shaped soliton, the full-Width half-maximum Tfwhm of the 
pulse equals 1.763 (To). Thus, 

Taking the optical transmission WindoW centered at 1550 
nm Wavelength as an example, the dispersive length LD 
Would be approximately (T2fWhm/4D) at the Wavelength of 
1550 nm. If the dispersion D at the input end of a pulse 
compression ?ber (Z=0) is 10 ps/nm-km, and the full-Width 
half-maximum value Tfwhm is 8 ps, then the dispersive length 
LD Would be 1.6 km. The length L of the compression ?ber 
Would then be determined by relationship The minimum 
and maximum lengths given by relationship (1) in this 
example Would be 3.2 km and 16 km, respectively. Length 
L should not be made longer than the length necessary to 
achieve the desired pulse compression, because longer 
lengths Would unnecessarily increase system loss. Aparticu 
larly suitable ?ber length is that Which adiabatically com 
presses the pulse and is approximately 5 LD. For the above 
example, this length is about 8 km. 

Fiber length L Would therefore normally be much greater 
than 2LD for optimum performance. HoWever, shorter 
lengths (L doWn to 2LD) could be used if the output pulse 
train Was spectrally enhanced device before the pulse train 
is injected into the input end of the pulse compression ?ber. 
Such spectral enhancement can be accomplished using a 
suf?ciently long length (about 1—2 km) of dispersion-shifted 
(DS) single-mode optical ?ber to cause self phase modula 
tion. 

Prior pulse-compression/expansion schemes in axially 
varying ?ber have used tWo approaches: 1) ?ber Whose 
diameter continuously changes along its length to impart the 
desired dispersion-decreasing pro?le; or 2) ?ber composed 
of many alternating segments of ?bers having high and loW 
anomalous dispersion Which, in effect, spatially separate the 
SPM and dispersion-reshaping components. In either case, 
the ?ber has employed either a step-index pro?le (as in 
standard nondispersion-shifted ?ber) or one of various 
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dispersion-shifted transmission ?ber pro?les. All 
commercially-available ?bers suffer from the same rather 
large dispersion slope of at least 0.04 ps/nmZ-km, Which 
limits the Wavelength range over Which useful pulse com 
pression can be achieved in an optical transmission system. 

The pulse-reshaping ?ber should be operative over a large 
range of Wavelengths. For example, it is highly desirable to 
have a reshaping ?ber that operates over the entire erbium 
(Er) ampli?cation band. In that case, a single ?ber could take 
the broad Wavelength output from a Wavelength-division 
multiplexed array of electro-absorption modulators and 
simultaneously compress all Wavelength channels to the 
same required pulse Width. Such an integrated and compact 
device Would be very useful for high data rate transmission. 

The pulse-reshaping ?ber should also be operative over a 
large range of pulse Widths and compression factors. The 
compression factor is de?ned as the ratio of input to output 
pulse Widths. If the adiabatic condition is met, the effective 
area of the ?ber is approximately constant, and the disper 
sion exponentially decreases along the ?ber With a decay 
rate equal to the sum of the loss rate 0t of the ?ber per 
kilometer and the rate p at Which the pulse Width decreases 
over distance. This means that the rate of dispersion change 
must be greater than the loss rate in order to compress the 
pulse as it propagates. HoWever, dispersion is also a function 
of Wavelength. The linear component of this dependence is 
knoWn as dispersion slope. High dispersion slope implies a 
large dispersion change. Therefore, ?bers With high disper 
sion slope exhibit a compression factor having a large 
Wavelength dependence. One representative example of 
such a DS ?ber pro?le is disclosed in US. Pat. No. 5,504, 
829, having a dispersion slope of 0.08 ps/nm-km (given an 
initial pulse Width of 8 ps, ?ber loss of 0.2 dB/km, ?ber 
length of 10 km, and input pulse poWer equal to the 
fundamental soliton poWer). If this ?ber Were designed for 
four times (4><) compression by exponentially varying the 
dispersion from 10 to 1.55 ps/nm-km at 1550 nm, then due 
to the dispersion slope at 1570 nm the dispersion Would vary 
from 11.6 to 3.15 ps/nm-km, and the compression factor 
Would be 2.3. Moreover, at 1530 nm the dispersion Would 
vary from positive 8.4 to negative 0.05 ps/nm-km, and the 
compression factor Would become virtually impossible to 
approximate. Numerical simulations are required to fully 
illustrate the associated problems of dispersion slope. Solv 
ing the nonlinear Schodinger equation, the output pulse 
Width at 1550 nm Wavelength is 2.0 ps, Whereas it is 1.6 ps 
at 1530 nm, and 3.11 ps at 1570 nm. This corresponds to 
compression factors of 4x, 5x, and 2.6x for 1550 nm, 1530 
nm, and 1570 nm, respectively. Not only are the compres 
sion factors different, but pulse distortion occurs at smaller 
Wavelengths Where the output pulse Width is shorter. This 
can be shoWn graphically, for example With reference to 
FIG. 1 herein, Where the output pulses at 1550 nm, 1570 nm, 
and 1530 nm are represented by curves 12, 14, and 16, 
respectively, plotted against the input pulse 10 for compari 
son. The temporal output intensity of a conventional soliton 
pulse is plotted for the three Wavelengths in logarithmic 
scale for FIG. 1(a) and linear scale for FIG. 1(B), With the 
numerals depicting curves in FIG. 1(b) being primed. The 
logarithmic scale re?ects the differences in the loW-intensity 
tails of the pulse at the three Wavelengths, Whereas the linear 
scale demonstrates the differences in the peak intensity and 
Widths of the pulses at each of the three Wavelengths. 

These differences are a direct consequence of ?nite dis 
persion slope, especially near the output end of the ?ber. 
Pulse distortion in a transmitter leads to dispersive Wave 
generation, and an undesirable continuous-Wave back 
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4 
ground. The above example demonstrates that high disper 
sion slope is detrimental to optical signal transmission Where 
broad Wavelength band compression and narroW pulse out 
put are desired. 

The broadband problem introduced by high dispersion 
slope ?ber can be overcome by utiliZing different high-slope 
pulse-compression ?bers for each input channel of the 
WDM system, but tuning each ?ber to have the same initial 
dispersion and rate of change. HoWever, this solution is 
commercially unacceptable, as it greatly increases the 
amount of pulse compression ?ber required for the system, 
and overly complicates the design and manufacture of the 
system. 
Even if an optical transmission system utiliZed only one 

Wavelength channel, it Would still be advantageous to 
employ a pulse-compression ?ber having loW slope, since 
?nite slope acts to distort the pulse shape (especially for 
short pulses near the Zero-dispersion Wavelength in the 
?ber). 

To quantify the requirement on dispersion slope needed to 
maintain the desired pulse-reshaping performance over a 
broad Wavelength range, consider the Wavelength variation 
on the ratio of input to output dispersion at other Wave 
lengths: 

Where AC is the center Wavelength of the operating WindoW, 
XE is the Wavelength at the edge of the operating WindoW, 
D(>\,,Z) is the dispersion at wavelength A and length Z, S()\.,Z) 
is the dispersion slope at wavelength A and length Z, 11 is the 
factor by Which the dispersion ratio can differ from the 
optimal value D()\,C,0)/D(>\.C,L). The factor 11 also represents 
the factor by Which the output pulse Widths differ across the 
Wavelength band. Equation (5) can be reWritten in terms of 
the difference betWeen the initial and ?nal dispersion slopes: 

Assuming that the system can tolerate at 10% difference in 
dispersion, then 1-11 equals 0.9. Further assume as in the 
previous example that (KC-XE) equals 20 nm, D()»C,0) 
equals 10, and D()»C,L) equals 1.55. Then equation (6) 
reduces to: 

|5.8 S(AC,L)-S(AC,0)|<0.05 (6') 

If there is no slope change, then S(>\,C,0)=S(>\.C,L)<0.01. If 
S()»C,0)=0.03 then S()»C,L)<0.014, and if S()»C,0)=0.07 then 
S()»C,L)<0.02. Also, a larger target dispersion ratio loWers 
the upper limit on the ?nal dispersion slope. For most cases 
of practical interest, this broadband criterion sets a ?nal 
slope limit someWhere betWeen 0.01 and 0.02 ps/nmZ/km. 
Asecond slope-limiting criterion arises from distortion of 

short pulses caused by third-order dispersion. A third-order 
dispersive length (analogous to the second order dispersive 
length previously de?ned) is useful: 

Where [33=—)\.4S/(2J1§C)2. Because the pulse Width and disper 
sion slope are functions of distance, the equation in 
dispersion-decreasing ?ber becomes: 

Where <T0>=T0(0)(1—e_pL)/pL, <[33>=(0)(1—e_bL)/bL, and p 
and b are the exponential decay rates of the pulse Width and 
dispersion slope, respectively. For the third order effects to 
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be negligible, the ?ber length L must be much less than the 
third order dispersive length (L<<L‘D). A factor of ten is 
sufficient (10 L<L‘D). For an 8 ps initial pulse Width, a 10 km 
?ber, and dispersion changing from 10 to 1.55, the average 
slope should thus be less than 0.09 ps/nmZ/km (Which is not 
a signi?cant restriction). HoWever, the cubed pulse Width 
dependence greatly restricts shorter pulse compression. For 
example, the average slope of a 5 ps pulse should be less 
than 0.022. In addition, if the dispersion drop is from 10 to 
1, then the 5 ps slope becomes 0.013. Values of dispersion 
slope at the loW dispersion end of the ?ber should be loWer 
than 0.025 ps/nmZ-km to meet the slope criterion for most 
practical optical signal transmission applications. 

SUMMARY OF THE INVENTION 

The present invention provides a dispersion-varying, 
pulse-reshaping optical ?ber having a large change in dis 
persion With respect to change in core diameter, and very 
loW dispersion versus Wavelength slope. The Zero dispersion 
diameter is close to the Zero dispersion slope diameter. 
Consequently, the dispersion and dispersion slope charac 
teristics are such that the ?ber enables optical transmission 
of information at extremely high data rates and a large 
number of Wavelength channels. 

The pulse-reshaping ?ber also has a relatively small 
effective area, A617, and requires less input poWer to produce 
a desired output poWer. 

The pulse-reshaping optical ?ber includes a core sur 
rounded by a cladding layer of refractive index nC. The 
outside diameter of the core changes, preferably 
monotonically, along the length of the ?ber. The core 
includes at least tWo radially-adj acent regions, a central 
region having a maximum refractive index n1, and a moat 
region adjacent to the core region. The central region has a 
positive value of A1, and the moat region has a value of A2 
not greater than —0.1%. The moat region advantageously 
affects the change in dispersion With respect to ?ber cladding 
diameter, as Well as providing the ?ber With loW dispersion 
versus Wavelength slope. The slope in the 1550 nm operat 
ing WindoW (measured betWeen 1500 and 1600) at the small 
diameter end of the ?ber is preferably less than 0.025 
ps/nmZ-km. 

The value of A1 can be betWeen 0.4% and 1.5%, but is 
preferably betWeen 0.7% and 1.2%. The preferred value of 
A2 is in the range of —0.2% to —0.6%. For pulse-reshaping 
optical ?bers having a silica cladding, this range of A2 can 
be achieved by forming the moat region from silica doped 
With ?uorine. The moat can also be formed from silica if the 
cladding layer is silica doped With an agent Which decreases 
the refractive index. An agent Which increases the refractive 
index can also be employed in the cladding When the moat 
contains ?uorine. 

The core can include an optional ring region of maximum 
refractive index n3 that is disposed radially outWard from the 
moat region. The optional ring region can have a maximum 
refractive index n3 such that the condition 0%<A3<0.5% is 
satis?ed. 

Various characteristics of the pulse-reshaping ?ber can be 
optimiZed to provide desired dispersion and dispersion slope 
properties. For example, if the central region has an ot-type 
graded-index pro?le, 0t should be greater than 1. Moreover, 
it is preferred that the ratio of the radius of the inner core to 
the radial Width of the moat be in the range de?ned by the 
relationship 0.67<a/b<2. 

The length of the pulse-reshaping ?ber depends on certain 
parameters including the pulse characteristics. The preferred 
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6 
?ber length L is given by 2 LD<L<10 LD, Where LD is the 
dispersive length, as previously discussed. Moreover, the 
length L of the pulse-reshaping ?ber should be no more than 
one tenth of LD‘, the third order dispersive length. 
The pulse-reshaping ?ber of the present invention can be 

employed at various locations in an optical transmission 
system, primarily at an interfaces With one of the ends of an 
optical transmission line. For example, the pulse-reshaping 
?ber can comprise a pulse compressor connected betWeen a 
modulated light pulse source and the transmission line. In a 
WDM system, the light pulse source can be a multiplexer 
having a plurality of input lines for receiving optical signals 
of different Wavelengths, and the pulse compressor ?ber is 
connected to the multiplexer output line. Such a WDM 
system can include a plurality of optical signal transmitters, 
each of Which is connected to a respective input line. 
Because of the loW dispersion slope of the pulse compressor 
?ber, transmitters capable of generating optical pulses at a 
data rate of at least 10 Gb/s can be employed. Such a ?ber 
is therefore of great value in high pulse rate WDM optical 
transmission systems. 
When the optical transmission system is designed to 

operate at a given band of Wavelengths, XL, AH, and KM (the 
loW end, high end, and middle Wavelength of the band, 
respectively), the ratio of input to output dispersion at either 
KL or )»H should be Within 10% of the ratio of input to output 
dispersion at AM. 
The pulse-reshaping optical ?ber is optionally located at 

the output end of a light-transmitting system, Where it is 
connected betWeen the transmission line and the light 
receiving device or detector. A further optional location for 
such a pulse-reshaping ?ber is along the transmission line 
itself, Where it is connected to the output of an optical pulse 
regenerator, ampli?er, or other active or passive signal 
manipulating or signal-routing component. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1(a) is a logarithmic scale graph plotting the tem 
poral output intensity of a soliton pulse for a prior art 
dispersion-shifted, dispersion-varying ?ber; 

FIG. 1(b) is a linear scale graphs plotting the temporal 
output intensity of a soliton pulse for the prior art dispersion 
shifted, dispersion-varying ?ber of FIG. 1; 

FIG. 2 schematically illustrates a Wavelength-division 
multiplexed (WDM) optical transmission system according 
to one embodiment employing the pulse-reshaping ?ber of 
this invention; 

FIGS. 3(a), 3(b) and 3(c) are exemplary refractive index 
pro?les of the pulse-reshaping ?ber of this invention. 

FIG. 4(a) is a logarithmic scale graph plotting the tem 
poral output intensity of a soliton pulse for a dispersion 
varying ?ber of the present invention, With dispersion slope 
linearly decreasing from 0.03 to 0.0 ps/nmZ-km; 

FIG. 4(b) is a linear scale graph plotting the temporal 
output intensity of a soliton pulse for a dispersion varying 
?ber of the present invention, With dispersion slope linearly 
decreasing from 0.03 to 0.0 ps/nmZ-km; 

FIG. 5 is a graph shoWing the relationship betWeen 
dispersion and dispersion slope for different values of ?ber 
outside diameter; 

FIG. 6 is a graph shoWing the variation of dispersion and 
mode ?eld diameter as a function of cladding diameter for 
a prior art dispersion-decreasing, dispersion-shifted (DS) 
?ber; 

FIG. 7 is a graph shoWing the variation of dispersion and 
mode ?eld diameter as a function of cladding diameter for 
the pulse-reshaping ?ber of the present invention; 
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FIG. 8 schematically illustrates an optical signal regen 
erator employing the pulse-reshaping ?ber of this invention; 
and 

FIG. 9 schematically illustrates the use of the dispersion 
decreasing ?ber of this invention as a pulse expander. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

The pulse-reshaping ?ber 26 of this invention is shoWn 
and described beloW in detail With reference to the attached 
draWing Figures, and as used in association With various 
embodiments of an optical transmission system 20. 

The following terms and symbols are used herein to 
characteriZe features of the present pulse-reshaping ?ber 26 
and optical transmission system 20. The term “A” (delta) 
indicates the relative refractive indices betWeen various 
regions of the pulse-reshaping ?ber 26, and “n” indicates a 
particular refractive index for a given region. Thus, for tWo 
regions of different maximum indices of refraction nx and n6, 
the value of Ax equals (nx2—nC2)/2nx 2. 

The pulse-reshaping optical ?ber 26 of this invention is 
especially suitable for use in an optical transmission system 
20 such as that shoWn in FIG. 2. Depicted in FIG. 2 is a 
Wavelength-division-multiplexed (WDM) optical transmis 
sion system 20 according to one embodiment of the inven 
tion. System 20 includes a plurality of optical input lines 21, 
22, 23 each propagating a return-to-Zero (RZ) pulsed optical 
signal at a speci?c Wavelength K1, K2 . . . K], respectively. As 
feW as one input channel could be employed, and the 
maximum number of Wavelengths is limited by transmission 
system parameters such as channel spacing, channel 
bandWidth, ?ber ampli?er bandWidth, and the like. Each 
channel is the output from an optical transmitter (not shoWn) 
that emits an information-bearing optical signal at one of the 
speci?c channel Wavelengths. Each optical transmitter gen 
erally includes a laser, a laser controller, and a modulator. 

Typically, the Wavelengths emitted by optical transmitters 
are selected to be Within the 1500 nm WindoW, the range in 
Which the minimum signal attenuation occurs for silica 
based ?bers. More particularly, the Wavelengths emitted by 
the optical transmitters are selected to be in the range from 
about 1530 nm to about 1610 nm. HoWever, the optical 
transmitter Wavelengths can be selected to correspond to the 
gain characteristics of the transmission line ampli?ers. 
Consequently, When using ampli?ers With a gain spectrum in 
a different region, the Wavelengths of the optical transmitters 
are selected to be Within that gain region. 

Each of the signals appearing at lines 21, 22, 23 consti 
tutes a channel in optical system 20, the Wavelength of 
Which corresponds to a demultiplexer Wavelength at the 
receiving end of the system. The optical signal channels on 
lines 21, 22, 23 are brought together in an optical combiner 
or multiplexer 24, and the combined signals are transmitted 
over optical transmission ?ber 28. 

System 20 includes a single-mode pulse-compression 
?ber 26 Which enables an increase in the bit rate of each of 
the channels. Fiber 26 is shoWn as being coiled on a reel, 
since that is the conventional disposition of a pulse com 
pression ?ber. It could also be deployed as the ?rst ?ber in 
a transmission link. To compensate for losses at the 
multiplexer, ?ber ampli?er 30 can be inserted into the 
system betWeen multiplexer 24 and pulse compression ?ber 
26. To compensate for losses in pulse compression ?ber 26 
and to adjust the input poWer in 26, ?ber ampli?er 34 can be 
inserted into the system betWeen ?ber 26 and transmission 
?ber 28. A comb ?lter 32 is optionally employed in the line 
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8 
betWeen ?ber 26 and ampli?er 34. Filter 32 may consist of 
a Fabry-Perot ?lter, the pass bands of Which are centered at 
the channel Wavelengths. 
Any optical Waveguide ?ber that is capable of propagat 

ing multiple optical Wavelengths can be employed as trans 
mission ?ber 28. Exemplary ?bers are (a) conventional 
single-mode optical ?ber such as SMF-28, available from 
Coming Incorporated, (b) dispersion managed ?ber com 
posed of many alternating pieces of ?bers of high and loW 
anomalous dispersion, (c) a soliton propagation ?ber such as 
that disclosed in US. Pat. No. 5,579,428, and (d) conven 
tional dispersion shifted ?ber. Fiber ampli?ers 36 are appro 
priately spaced along transmission ?ber 28 as needed. 

The multi-channel signal is received by demultiplexer 40 
Which divides the signal into a plurality of channels at 
Wavelengths K1, K2 . . . )\.j- which are propagated over lines 

41, 42, 43 to optical receivers (not shoWn). 
A feature of this invention is the utiliZation in system 20 

of an optical ?ber 26 having a core diameter that monotoni 
cally varies from one end to the other and having a refractive 
index pro?le the minimum requirements of Which are illus 
trated in FIG. 3(a). The ?ber core must include a central 
region 44 and a moat region 45 situated radially adjacent 
central region 44. The central region 44 can have an index 
maximum at the center of the ?ber as represented by solid 
line 44, or it can have an index depression at the ?ber center 
as represented by dashed line 47. The remainder of the ?ber 
can consist of a cladding layer 46. The refractive index 
deltas of central region 44 and moat region 45 are A1 and A2, 
respectively. A salient feature of the ?ber core is the mag 
nitude of A2, Which must not be greater than —0.1%, and 
Which is preferably de?ned by the range —0.2%>A2>—0.6%. 
Values of A2 Which are in this range result in such advan 
tageous effects on a pulse-reshaping ?ber as loW dispersion 
slope, increased sensitivity of dispersion With respect to 
?ber outside diameter, and smaller ?ber mode ?eld diameter. 
The value of A1 can be betWeen 0.4% and 1.5%, but it is 

preferred that Al be betWeen 0.7% and 1.2%. Larger values 
of A1 result in a smaller mode ?eld diameter, and improved 
bend loss performance. HoWever, if A1 increases, A2 must 
correspondingly become more negative in order to achieve 
the desired dispersion and dispersion slope properties. 
The core of the pulse-reshaping optical ?ber 26 can have 

a pro?le such as that shoWn in FIG. 3(b), Which includes 
central region 50, moat region 51, and a ring region 52 
disposed radially outWardly from and adjacent to the moat 
region 51. The ring region 52 has a maximum refractive 
index n3 of such a value that it has a positive value of A3 that 
is in the range de?ned by the relationship de?ned by the 
relationship 0%<A3<0.5%. The presence of the ring 
improves bend performance, but it only has a minor in?u 
ence on dispersion and dispersion slope. 
The core could have four or more regions of alternating 

positive and negative delta for the purpose of effecting minor 
tuning of ?ber properties. FIG. 3(c) shoWs that in addition to 
the previously-described core regions 50, 51, and 52, the 
core could optionally include a further moat region 53 of 
negative delta. 
One embodiment of refractive index pro?le of the central 

region 50 can be characteriZed as a graded-index pro?le 
de?ned by the equation n(r)=(n1—nC)[1—(r/a)°‘]+nC for values 
of r equal to or greater than the central core radius a (see 
FIG. 3a). Although any value of 0t greater than unity is 
contemplated to be useful, preferred designs have 0t values 
suf?ciently greater than one in order to achieve loW disper 
sion slope. For a given set of ?ber parameters, if 0t is made 
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larger, A2 should be made correspondingly more negative to 
maintain the dispersion properties. 

Referring to FIG. 3(a), it has been observed that the ratio 
of inner core radius a to the radial Width b of the moat region 
51 should be in the range de?ned by the relationship, 
0.6<a/b<2 in order to achieve best results. As the ratio a/b 
increases above 2, very little slope ?attening occurs. As the 
ratio a/b decreases beloW 0.67, propagation problems are 
encountered Whereby high loss occurs at Wavelengths 
around 1550 nm. 

An optical ?ber 26 according to FIG. 3(b) having core 
region index deltas Within the above ranges can be formed 
from silica, germania, and ?uorine, the central region 51 and 
ring region 52 being formed of silica doped With germania, 
and the moat region 51 being formed of ?uorine-doped 
silica. A silica core rod is formed by a conventional tech 
nique involving the deposition of germania-doped soot on a 
mandrel. The germania concentration is decreased With 
increasing radius to provide the desired index pro?le. AfeW 
passes of pure silica soot are deposited last; this very thin 
silica layer is undetectable in the resultant ?ber. The mandrel 
is removed, and the resultant porous preform is dried and 
consolidated. The consolidated preform is inserted into a 
?uorine-doped silica tube, and the resultant assembly is 
redraWn under vacuum to form a preliminary core rod 
having an outside diameter of 8 mm. Germania-doped soot 
is deposited on a 9.5 mm alumina mandrel to form the ring 
portion, and a coating of silica particles is deposited to form 
a portion of the cladding layer. The mandrel is removed to 
form a porous preform into Which the preliminary core rod 
is inserted. This assembly is dried and consolidated and is 
then redraWn to an outside diameter of 10.5 mm to form a 
solid glass preform, the refractive index of Which is depicted 
in FIG. 3(b). The solid glass preform is overclad With 
additional silica soot, dried and consolidated to form a draW 
blank Which is draWn into optical ?ber having an axially 
varying diameter. The amount of overclad that is applied 
determines the dispersion and dispersion slope at any given 
?ber diameter. Changing the outer ?ber diameter along the 
length of the ?ber 26 changes the core radius to easily 
achieve the required range of optical properties for pulse 
reshaping. 

The starting and ending ?ber diameters can be selected to 
be larger and smaller, respectively, than 125 pm, the stan 
dard ?ber diameter. This Would be done so that the starting 
and ending portions of the ?ber Would not have diameters 
that differed to too great an extent from 125 pm. 
Alternatively, there may be some reason to make the starting 
or the ending diameter 125 pm. 

Alternatively, a ?ber preform could be made in accor 
dance With the teachings of US. Pat. No. 5,504,829, incor 
porated herein by reference as though fully set forth, 
Whereby a draWn ?ber has a constant outside diameter and 
a decreasing core diameter. 

In the method described above for making the improved 
dispersion-varying ?ber, ?uorine is employed to provide the 
loW refractive index delta moat region 45 of the ?ber 26, and 
the cladding 46 consists of silica. If the cladding 46 included 
a refractive index increasing dopant such as germania, less 
?uorine Would be required in the moat region 45 to achieve 
a given value of A2. Moreover, additional germania Would 
need to be added to the central region 50 and the ring region 
52 in order to maintain the values of A1 and A3. If suf?cient 
amounts of germania Were added to the other core regions, 
the moat region 51 could be formed of pure silica. Moreover, 
there are other refractive index increasing dopants that could 
be employed instead of GeO2. 
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10 
EXAMPLE 

A ?ber 26 having a refractive index pro?le as shoWn in 
FIG. 3(b) can be formed such that Al is 1.0%, A2 is —0.4%, 
and A3 is 0.25%. The central region 44 has a gradient index 
pro?le Wherein 0t is about 2. At the large diameter end of the 
?ber, the central core radius (dimension a in FIG. 3a) is 
about 3.05 pm, the outer radius of the moat (the sum of 
dimensions a and b in FIG. 3a) is about 7 pm, and the outer 
radius of the ring is about 8.5 pm. The outside diameter of 
the ?ber exponentially decreases from 130 pm to 115 pm. At 
the large diameter end, the dispersion is +10 ps/nm-km st 
1550 nm, and the dispersion slope at 1550 nm is 0.03 
ps/nm2-km (measured betWeen 1500 and 1600 nm). At the 
small diameter end the dispersion is +1 ps/nm-km, and the 
dispersion slope is 0.003 ps/nmZ-km. The path average 
dispersion of the 12 km tapered diameter ?ber is 3.5 
ps/nm-km, and the average dispersion slope is 0.01 ps/nm2 
km. If a different amount of the soot overcladding material 
is applied to the ?ber preform during the fabrication process, 
the start and ending outside diameters Will shift, but the 
change in diameter from one end to the other (in this case 15 
pm) Would be maintained constant. 

The pro?le of the speci?c example provides loWer initial 
dispersion slope than the aforementioned prior DS ?ber. The 
initial dispersion slopes of the ?ber of the speci?c example 
and the prior DS ?ber are 0.022 and 0.08 ps/nm2-km, 
respectively. Moreover, the dispersion slope of the ?ber of 
the speci?c example decreases to near Zero along its length 
as the dispersion decreases for pulse compression. 
To illustrate the broadband characteristic of the ?ber of 

the speci?c example, the pulse-reshaping example of the 
prior DS ?ber (FIG. 1) is repeated in FIG. 4 for the ?ber of 
the speci?c example. The output pulses at 1550 nm, 1570 
nm, and 1530 nm are represented by curves 63, 64, and 65, 
respectively. The input pulse 62 is plotted for comparison. 
The dispersion variation is the same 10 to 1.55 ps/nm-km 
dispersion variation as shoWn in FIG. 1, but the dispersion 
slope noW varies from 0.03 to 0.0 ps/nm2-km linearly along 
the 10 km length of ?ber 26. While the peak poWer at each 
Wavelength are different, the pulse Width is nearly Wave 
length independent With 2.7 ps, 2.0 ps, and 1.99 ps for 1530 
nm, 1550 nm, and 1570 nm, respectively. The larger differ 
ence at short Wavelengths is due to the greater absolute 
change in ratio of input to output dispersion. It is also 
evident from the temporal plots in FIG. 4 that the pulses 
have nearly the same shape, and are much less distorted than 
those in FIG. 1. The numerically-derived FIGS. 1 and 4 
con?rm the broadband Wavelength operation of the loW 
dispersion slope ?ber pro?les of this invention. Fibers 
having such pro?les are therefore eminently suitable for use 
as pulse compressors. 

Similar ?bers having the improved type of core index 
pro?le can be draWn to different outside diameters (and thus 
different core diameters) as shoWn in FIG. 5. This pro?le is 
derived from ?bers With dispersions ranging from about 0 to 
about +9.7 ps/nm-km, and corresponding slopes from 
—0.005 to +0.025 ps/nmZ-km. The relationship betWeen 
dispersion and ?ber diameter is represented by curve 70. 
Dispersion slope versus diameter is plotted as curve 71. 

Note in FIG. 5 the approximately linear relationship for 
both dispersion and dispersion slope compared to ?ber 
diameter. Also note that the diameter corresponding to Zero 
dispersion is near the diameter corresponding to Zero slope. 
This relationship is advantageous in that at the ?ber length 
When the pulse Width is small, the dispersion slope is 
extremely loW, thereby enabling pulse shape to be retained. 
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The Zero-crossing diameters of curves 70 and 71 can be 
moved to the left, for example, by adding additional over 
clad material to the core preform. This causes the core 
diameter to be smaller for all values of ?ber outside diam 
eter. 

There are several additional advantages of employing 
pro?les of the type shoWn in FIG. 3. The ?rst is evident from 
a comparison of FIGS. 5 and 6. FIG. 6 is a plot of dispersion 
versus cladding diameter for a prior art DS ?ber of the type 
previously described. FIG. 5 shoWs that a dispersion change 
of 9.2 ps/nm-km is achieved in only 10 pm of diameter 
change for the FIG. 3(b) type pro?le. In contrast, FIG. 6 
shoWs that for a ?ber having a dispersion-shifted pro?le, 
nearly 75 pm of diameter change is needed to achieve the 
same dispersion change. Such large diameter changes 
require the ends of a pulse-reshaping ?ber to be much larger 
(and/or much smaller) than a standard 125 pm diameter. 
Fibers become more dif?cult to handle as one moves aWay 
from the nominal 125 pm cladding diameter. For smaller 
diameters, microbending becomes an issue. For larger 
diameters, the ?bers become rigid and break easily. For 
diameters larger and smaller than 125 pm, splicing to 
standard 125 pm diameter ?ber becomes more difficult. 

FIG. 6 also shoWs that the mode ?eld diameter of prior art 
DS ?ber varies from 7.9 to 9.5 pm as dispersion varies from 
10 to 1 ps/nm-km. FIG. 7, Which also shoWs dispersion and 
mode ?eld diameter plotted in curves 74 and 75, 
respectively, as a function of cladding diameter, is derived 
from numerically generated data based on a ?ber of the type 
illustrated in FIG. 3(b). Curve 75 of FIG. 7 shoWs that the 
mode ?eld diameter of a ?ber similar to that described in the 
speci?c example varies from 5.94 to 5.88 pm for the same 
dispersion range. The most important advantage of having 
little variation in mode ?eld diameter is that it greatly 
simpli?es design. Large changes in mode ?eld diameter 
require a more complicated dispersion function along the 
?ber length. 

Another advantage of ?bers having index pro?les of the 
type represented by this invention and FIG. 3 is the smaller 
effective area, Ae?, Which is typically 25 to 30 pmz. Smaller 
effective area corresponds to more ef?cient self phase modu 
lation for a given poWer level. The launch peak poWer 
required for pulse compression is near the fundamental 
soliton poWer PO, Where 

Pith/YT} (9) 

Where [32 is ?ber dispersion (in psZ/km), y=2rcn2/Ae? (the 
nonlinear coefficient), n2 is the nonlinear refractive index, 
and To is the characteristic pulse Width (in ps). At slightly 
higher poWer, there Will be a small residual amount of 
uncompensated self phase modulation. Continuing With the 
above speci?c example, the average launch poWer into the 
neW ?ber for a 40 Gb/s pseudo-random data stream is 17.8 
dBm. Average launch poWer Would be 3 dB higher for a 
dispersion-shifted ?ber, for Which A617 is 50 pmz, and it 
Would be 5.3 dB higher for a standard, non-Zero dispersion 
shifted ?ber for Which A617 is 85 pmz. 

Pulse compression ?bers can also be used to decrease 
pulse Width at the output of a regenerator located at some 
point along an optical transmission line. FIG. 8 shoWs a 
regenerator 77 connected to the output end of a transmission 
?ber 76. If the temporal pulse Widths of the signals ema 
nating from regenerator 77 are too Wide for the desired 
system bit rate, a pulse compressor 78 of the type described 
in conjunction With FIG. 2 can be employed to connect the 
regenerator to a further transmission ?ber 80. Ampli?er 79 
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can be used in the line connecting compressor 78 to trans 
mission line 80. Alternatively, pulse compressor 78 could be 
located Within or before the regenerator 77. 
The pulses transmitted through the above described opti 

cal transmission systems are very narroW. In the event that 
pulses broader than the transmitted pulses are required to 
activate the receivers 88, 89, 90, a pulse expander ?ber 86 
can be employed to connect transmission ?ber 85 to demul 
tiplexer 87, as shoWn in FIG. 9. As described above, a pulse 
expander ?ber is one in Which the dispersion increases With 
length. When a ?ber of the type described in conjunction 
With FIG. 3 is used as the pulse expander ?ber, the loW 
dispersion slope enables broadband operation. 

It Will be apparent to those skilled in the art that various 
modi?cations and variations can be made to the present 
invention Without departing from the spirit and scope of the 
invention. Thus, it is intended that the present invention 
cover the modi?cations and variations of this invention 
provided they come Within the scope of the appended claims 
and their equivalents. 
What is claimed is: 
1. A pulse-reshaping optical ?ber having a length, said 

pulse-reshaping ?ber comprising: 
a core surrounded by a cladding layer, said core having a 

?rst end, a second end, a diameter, and a refractive 
index nC, said diameter of said core monotonically 
changing along the length of the pulse-reshaping ?ber 
from said ?rst end to said second end, said core 
de?ning a central region having a maximum refractive 
index n1 and a moat region disposed radially adjacent 
to said central region, said moat region having a 
minimum refractive index n2, said central region hav 
ing a positive relative refractive index A1, and said 
moat region having a relative refractive index A2 not 
greater than —0.1%, Where said relative refractive index 
A1 associated With said central region equals (n12—nC2)/ 
2n12, and said relative refractive index A2 of said moat 
region equals (n22—nC2)/2n22. 

2. The pulse-reshaping optical ?ber of claim 1 Wherein the 
value of n2 satis?es the condition that —0.2%>A2>—0.6%. 

3. The pulse-reshaping optical ?ber of claim 1 Wherein A1 
is betWeen 0.4% and 1.5%. 

4. The pulse-reshaping optical ?ber of claim 3 Wherein A1 
is betWeen 0.7% and 1.2%. 

5. The pulse-reshaping optical ?ber of claim 1 further 
comprising: 

a ring region disposed radially outWardly from and adja 
cent to the moat region, said ring region having a 
maximum refractive index n3 of such a value that said 
ring region has a relative refractive index A3 Which is 
positive, Where said relative refractive index A3 of said 
ring region equals (n32—nC2)/2n32. 

6. The pulse-reshaping optical ?ber of claim 5 Wherein the 
relative refractive index A3 satis?es the condition 
0%<A3<0.5%. 

7. The pulse-reshaping optical ?ber of claim 1 Wherein the 
relative refractive index A1 is greater than the relative 
refractive index A3. 

8. The pulse-reshaping optical ?ber of claim 1 Wherein the 
central region has a radius a and a gradient refractive index 
of the type de?ned by the equation n(r)=(n1—nC)[1—(r/a)°‘]+ 
nC for values of r equal to or greater than said radius a, 
Wherein ot>1. 

9. The pulse-reshaping optical ?ber of claim 1 Wherein the 
central region has a radius a and the moat region has a radial 
Width b, and the ratio of said radius a to said radial Width 
satis?es the relationship 0.67<a/b<2. 
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10. The pulse-reshaping optical ?ber of claim 1 having a 
dispersion slope and a small diameter end, Wherein said 
dispersion slope at said small diameter end is less than 0.025 
ps/nm2-km at 1550 nm. 

11. The pulse-reshaping optical ?ber of claim 1 having a 
dispersive length LD described by the formula (T02/|[32|) and 
a length L satisfying the condition 2 LD<L<10 LD‘. 

12. The pulse-reshaping optical ?ber of claim 1 having a 
third order dispersion length LD‘ and a length L at least about 
10 times less than said third order dispersion length LD‘. 

13. The pulse-reshaping optical ?ber of claim 1 Wherein 
the moat region is formed from ?uorine-doped silica. 

14. The pulse-reshaping optical ?ber of claim 1 Wherein 
the moat region is formed of silica, and the cladding layer is 
formed from silica doped With a refractive index increasing 
dopant. 

15. The pulse-reshaping optical ?ber of claim 1 Wherein 
the moat region is formed from ?uorine-doped silica, and the 
cladding layer is formed from silica doped With a refractive 
index increasing dopant. 

16. A pulse-reshaping optical ?ber having a length, said 
pulse-reshaping ?ber comprising: 

a core surrounded by a cladding layer, said core having a 
refractive index nC, a ?rst end, a second end, and a 
diameter, said diameter of said core monotonically 
changing along the length of the pulse-reshaping ?ber 
from said ?rst end to said second end, said core 
de?ning at least three radially adjacent regions includ 
ing a central region having a maximum refractive index 
n1 and a relative refractive index A1, a ring region 
disposed radially outWard relative to said central 
region, said ring region having a maximum refractive 
index n3 and a relative refractive index A3, and a moat 
region disposed betWeen said central region and said 
ring region, said moat region having a minimum refrac 
tive index n2 and a relative refractive index A2, Where 
said relative refractive index A1 of said central region 
equals (n12—nC2)/2n12, said relative refractive index A2 
of said ring region equals (n22—nC2)/2n22, and said 
relative refractive index A3 of said moat region equals 
(n32—nC2)/2n32, Wherein said relative refractive index 
A1 of said central region is betWeen about 0.4% and 
about 1.5%, said relative refractive index A2 of said 
moat region is betWeen about —0.2% and about —0.6%, 
and said relative refractive index A3 of said ring region 
is betWeen about 0% and about 0.5%. 

17. An optical transmission system comprising: 
an optical transmission line having an end; and 
a pulse-reshaping ?ber operatively connected to said end 

of said transmission line, said pulse-reshaping ?ber 
having core surrounded by a cladding layer, said core 
having a ?rst end, a second end, a diameter, and a 
refractive index nC, said diameter of said core mono 
tonically changing along the length of the pulse 
reshaping ?ber from said ?rst end to said second end, 
said core de?ning a central region having a maximum 
refractive index n1 and a moat region disposed radially 
adjacent to said central region, said moat region having 
a minimum refractive index n2, said central region 
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having a positive relative refractive index A1, and said 
moat region having a relative refractive index A2 not 
greater than —0.1%, Where said relative refractive index 
A1 associated With said central region equals (n12—nC2)/ 
2n12, and said relative refractive index A2 of said moat 
region equals (n22—nC2)/2n22. 

18. The optical transmission system of claim 17 Wherein 
the pulse-reshaping ?ber has an input end and an output end, 
the system further comprising: 

a light pulse source operatively connected to the input end 
of the pulse-reshaping ?ber, the transmission line being 
operatively connected to the output end of the pulse 
reshaping ?ber. 

19. The optical transmission system of claim 18 Wherein 
the light pulse source produces a plurality of optical signals 
Within a predetermined band of Wavelengths, including a 
loW Wavelength end XL, a high Wavelength end )tH, and a 
middle Wavelength KM of said band of Wavelengths, the 
pulse-reshaping ?ber exhibiting a ?rst set of input dispersion 
values for each of said plurality of optical signals Within said 
band of Wavelengths at the input end, and a different set of 
output dispersion values for each of said plurality of optical 
signals Within said band of Wavelengths at the output end, a 
ratio of said input dispersion values to said output dispersion 
values at either said loW Wavelength end KL or said high 
Wavelength end )tH being Within 10% of a ratio of said input 
dispersion values to said output dispersion values at said 
middle Wavelength KM. 

20. The optical transmission system of claim 18 Wherein 
said light pulse source comprises: 

a multiplexer having a plurality of input lines for receiv 
ing optical signals having different Wavelengths, and a 
single output line that is connected to the pulse 
reshaping ?ber. 

21. The optical transmission system of claim 20 further 
comprising: 

a plurality of optical signal transmitters, each of said 
plurality of optical signal transmitters being operatively 
connected to a respective one of the plurality of input 
lines, said plurality of optical signal transmitters being 
capable of generating optical pulses at a data rate of at 
least 40 GhZ. 

22. The optical transmission system of claim 17 further 
comprising: 

a light receiving device, the pulse-reshaping optical ?ber 
being operatively connected betWeen said light receiv 
ing device and the transmission line. 

23. The optical transmission system of claim 17 further 
comprising: 

a second optical transmission line having an output end; 
and 

an optical pulse regenerator operatively connected to said 
output end of said second optical transmission line, said 
optical pulse regenerator having an output, the pulse 
reshaping ?ber operating as a pulse compressor opera 
tively connected to said output of said optical pulse 
regenerator. 


